In the perspective of dental restorative applications, co-doped bioceramics have not been explored much. From the clinical perspective, a successful dental implant is expected to interact with peri-prosthetic bones, gingival tissue, and surrounding connective tissues. The interaction of implant and implant coating materials with bone tissue is well studied. However, their interaction with surrounding epithelial components needs scientific validation. In this context, the present study aims at quantitative evaluation of the electrical properties of Fe/Sr co-doped biphasic calcium phosphate (BCP) samples and assessment of their cytocompatibility with epithelial (vero) cells. Sr/Fe co-doped BCPs were prepared by solgel synthesis technique, with different dopant concentration. Impact of co-doping on conductivity was assessed and interestingly an increase in conductivity with dopant amount was recorded in different co-doped BCPs. Cellular study showed the significant (p ¼ 0.01) increase in both cellular viability and functionality with increasing conductivity of samples. Higher epithelial cell adhesion indicates that (Sr/Fe) co-doped BCP would be favorable for faster epithelial sealing and also would reduce the chances of infection. Real-time PCR and immunofluorescence studies indicated that the expression of the epithelial marker (E-cadherin) significantly (p ¼ 0.01) increased in 10, 30 and 40 mol% co-doped samples in comparison to undoped BCP. In contrast to E-cadherin, fold change of b-catenin remains unchanged amongst the co-doped ceramics, implying the absence of tumorigenic potential of (Sr/Fe) co-doped BCP. In addition, immunefluorescence signatures for cellular polarity are established from enhanced expression PARD3 protein, which has major relevance for cellular morphogenesis and cell division. Summarizing, the present study establishes the efficacy of Sr/Fe codoped BCPs as a dental implant coating material and its ability to modulate vero cell functionality.
Introduction
According to the recent report, in India tooth loss is becoming a major concern that potentially affects the health economy of the country. Amongst several reasons, periodontal diseases are potential causative factors for the progressive tooth loss in the Indian sub-continent. Periodontitis is a chronic inflammatory disease that affects the surrounding structure of teeth and the components of periodontium including gingival, alveolar bone, periodontal ligament, etc.
1 Different surveys have shown that, around 26% of adults lose all of their premature teeth by age of 74. 2 Therefore, it is quite natural that the search for development of dental implants as a replacement of missing tooth has a very long and multifaced history. 3 In today's world, around 100,000 to 300,000 implants are placed yearly and the number is increasing every year. 4 The major concern with dental implants is the risk of implant failure despite its high success rate. Several risk factors such as smoking habits, diabetes, poor oral hygiene regulate the long-term success of dental replacement surgery. 5, 6 Various causes like periimplantitis, occlusal trauma, overloading, contamination, poor bone quality around implant, etc. are associated with implant failure (early and late). 7 For a successful dental implant, good osseointegration is an important factor as it helps stabilization. 7 Besides improved osseointegration, interaction of implant with surrounding soft tissue is another major requirement as it reduces the chance of periimplantitis. 7 Hence, extensive research is still underway for exploring dental implant materials with improved tissue integration and bone mimicking properties.
Surface modification is one of the most investigated methods to achieve better bone regeneration and integrity between bones and implant surface. 1 Currently, SLA (sandblasting with large grit and acid etching) is proposed as the most dominant method for surface modification of dental implants. 8 Another emerging method is to coat the implant surface with bioceramics like hydroxyapatite (HA). HA, being the major inorganic component of hard tissues like bone and teeth, is a natural choice for surface coating. 9, 10 HA is a well-known biocompatible material and it triggers bone regeneration, in vivo.
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Despite this beneficiary effect, the main disadvantage of HA is its brittleness and poor functional property. 12, 13 However, such limitation of HA can be overcome by the incorporation of various divalent ions like Sr, Fe, Mg, Si, which successfully replace the Ca ions in HA crystal lattice without distorting its native structure. 14 This substitution method has been extensively studied in an attempt to enhance functional properties of HA. For example, Sr-doped HA has been investigated to achieve better acid reactivity and solubility for dental remineralization application. [15] [16] [17] [18] In addition, iron, magnesium, silver, fluoride and various other ions-substituted HA have been synthesized and studied by various research groups for development of suitable material for hard tissue applications. [19] [20] [21] However, only a few studies have investigated the effect of co-doping on the property of HA and their biological relevance.
Besides HA, tricalcium phosphate (TCP) is another extensively studied material for dental applications. 22, 23 TCP can exists in three polymorphs -b, a, and a. 24 Among them, b-TCP is stable at room temperature and converts to a-TCP at higher temperatures ($1125 C), which regains its original form after cooling. 25 a-TCP only exists at the temperature $>1470
C. 26 b-TCP has the rhombohedral symmetry with space group R3c having unit cell parameters a ¼ 10.3961 Å and c ¼ 37.3756 Å . 27, 28 It offers a cation site with octahedral coordination suitable for smaller ion substitution. 29 It is a well-known fact that the mixture of HA and b-TCP, i.e. the biphasic calcium phosphate (BCP) possesses superior bio-compatibility in comparison to any of its constituent phases. 30, 31 Against this backdrop, the current study aims to explore the applicability of Sr/Fe co-doped BCP as dental implant coating material. As different ions are present in the inorganic part of tooth and bone, it is assumed that co-doped BCP can mimic the functionality and properties of natural hard tissue more efficiently than undoped HA/TCP. 32 In particular. Sr is chosen as one of the dopants because of its well-known beneficiary effect on dental remineralization and osteoblast activity. 33, 34 Better solubility of Sr-doped BCP helps to increase Ca 2þ release, thus enhancing in vivo bioactivity.
It is a well-known fact that, external electrical stimuli can enhance osteoblast cell growth and it can be further exploited for bone tissue engineering by using a conducting material. 35, 36 Several studies have established the efficacy of conducting material for the orthopedic application. 37, 38 Due to these facts, it has been hypothesized that, chances of implant failure can be further reduced by using conducting ceramic as coating material. Hence, Fe has been chosen along with Sr to increase the conductivity of doped BCPs. The change in electrical conductivity as a function of dopant content is studied here in order to get an insight into the electrical behavior of the doped samples.
The gingival epithelium plays a major role in binding with the dental implant and sealing it tightly to avoid peri-implantitis. Therefore, it is important to assess the cytocompatibility of a potent dental material using epithelial cells. In our previous study, the cytocompatibility of the proposed material has already been assessed with osteoblast cells. 32 In the present study, we investigate the interaction of Fe/Sr co-doped BCPs with vero cells. Cellular functionality and cell-material interactions are dependent on microenvironmental cues. Trace elements (viz. calcium, iron, etc.) have a proven role in maintaining functionality of epithelial cells in terms of cell-cell interaction and cellular polarity. [39] [40] [41] The Fe/Sr co-doped BCP is predominantly composed of calcium, iron and strontium. The effect of these ions released in the cellular environment is important to evaluate for understanding cytocompatibility of the materials, cell-substrate interaction and their applicability as implant materials. Among these components, calcium has a major role in maintaining different cytological activities and cytoskeleton reorganization via changes in cellular polarity, and also holds a dominant role in establishing cellular adhesion through cadherins molecules. However, iron possesses an opposing role on cellular adhesion, and increased iron concentration is closely associated with tumorigenesis via down-regulation of cadherin molecules. [42] [43] [44] [45] However, the effect of strontium ions on cellular adhesion and polarity maintenance has not been studied so far. In the current study, we have looked for the combined effect of these ions on epithelial cell viability. Apart from that, the use of BCP with different dopant content allows us to understand the substrate conductivity-dependent vero cell viability and functionality, an aspect established for bioceramics for the first time. This study for the first time explores the effect of conductive ceramics on compatibility and functionality of epithelial cells.
Overall, in present study, we aimed to explore the electrical conductivity of co-doped material and its biological functionality with surround soft tissue for potential application as implant coating material.
Materials and methods

Materials synthesis and electrical conductivity measurements
Undoped and different Sr/Fe co-doped BCPs were synthesized using sol-gel technique. 46 The details of synthesis and characterization (phase assemblage and in vitro ion dissolution) have been discussed in our previous study. 32 In summary, a 2.5 M solution of diammonium hydrogen phosphate ((NH 4 ) 2 HPO 4 ) was added in dropwise manner to 3.0 M calcium nitrate tetrahydrate (Ca(NO 3 ) 2. 4H 2 O) solution maintaining the ratio of Ca/P at 1.67. The gel was obtained by dissolving precipitate in citric acid solution and was dried at 120 C for 18 h. Calcination was conducted at 800 C for 2 h. The doped powders were prepared following the same procedure, but adding Fe 3þ and Sr 2þ (as Fe(NO 3 ) 3 and Sr(NO 3 ) 2 , respectively) in Ca 2þ solution. Here, the ratio of (Ca þ X)/P was maintained at 1.67, where X¼ Fe 3þ and Sr 2þ . 32 Co-doped BCP powders with total dopant content of 2, 10, 20, 30, 40 mol% were prepared and cold pressed to obtain 12 mm diameter cylindrical samples. The load used for cold pressing was 50 kN with holding time of 5 min. Cold pressed samples were conventionally sintered at 1100 C for 2 h. Throughout the current work, for x mol% Sr y mol% Fe co-doped sample, xSryFeBCP has been used as sample designation.
The dielectric measurements were carried out by means of an impedance gain phase analyzer (Agilent 4194A HP) with a signal strength of 0.5 V rms in the frequency range of 40 Hz to 1 MHz. Coating of conductive silver paste was used on pelletized, densified samples to make electrical contacts. Capacitance(C) and dielectric loss tangent (tand) were obtained as a function of frequency (x). Dielectric constant (E r ) was determined using the following relation
where 'A' and 'd ' denote surface area and width of the doped BCPs, respectively. E 0 is the permittivity of free space. AC conductivity was determined using the following formula r ac ¼ e r e 0 xtand
In vitro cytocompatibility
Cell culture. For in vitro studies, commercially procured (NCBS, Pune, India) vero cells (kidney epithelial cell) were cultured on the materials with different dopant concentrations. In the present study, the reasons behind selecting the vero cells for bio-functionality assessment are the following.
a. It is a recommended cell line for assessment of cytocompatibility and cell-material interaction. 47, 48 b. Vero is a continuous, aneuploid, fibroblast-like cell line. 49 Fibroblast cells play an important role in wound healing and hence it is important to evaluate cytocompatibility of implant material using fibroblast-like cell line. c. Apart from bone-like cells, a dental implant material also interacts with epithelial cells inside the oral cavity. Hence, it is important to assess cytocompatibility using epithelial-like cells. Vero cell is a suitable candidate for such study.
Vero cells were maintained in T-25 flasks (Thermo) in DMEM high glucose medium (Gibco-REF12800-058) with 10% heat inactivated fetal bovine serum (HI-FBS) (GibcoREF16140-063) and 1% antibiotic and antimycotic (Gibco-REF 25200-072) solution at 37 C in a CO 2 incubator (Esco-AC2-4S8) with humidified environment. Cells with 70-80% were harvested with Trypsin-EDTA (0.05%) and used for studying cellular functionality on the material surface. (Fe/Sr)-co-doped ceramic samples were washed with70% EtOH and 1x PBS thrice and then UV sterilized before cell seeding on the material surface.
Live-dead assay. For analyzing the cellular attachment and viability on the sample, each sample was seeded with around 5 Â 10 4 Vero cells. Cells were also seeded on a tissue culture glass cover-slip with the same seeding density as a control. Both the control and the samples were incubated for 72 h to promote cellular adhesion and proliferation on the sample. After incubation, samples were washed thoroughly with PBS for removing unattached cells. The cells adhered to the sample and cover-slip were stained with Live-Dead stain (Millipore-Live Dead Double Staining Kit (CatQIA76)) for 15 min as per the manufacturer's protocol and washed thrice with PBS before image acquisition.
Cell viability assay. Vero cells viability was analyzed through MTT assay. Cells were seeded on samples with the seeding density of 5 Â 10 4 cells/ml. Samples were incubated for 72 h followed by thorough washing with PBS to remove unattached cells. For MTT assay, the protocol was followed according to the manufacturer's instruction. Briefly, 10% MTT reagent (Himedia-CCK03) was mixed with incomplete high glucose media and added to the samples and incubated for 4 h. Live cells reduce the MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) to purple formazan crystals through dehydrogenase enzyme. Crystal is solubilized by the solubilization buffer and absorbance of the solution was read at 570 nm by a microplate reader (Thermo). All the studies were carried out in triplicate.
Rhodamine-Phalloidin staining. Distribution and arrangement of the cytoskeleton of Vero cells under different study groups were assessed by the standard rhodaminephalloidin stain. Cells attached on samples were fixed with 4% paraformaldehyde in PBS for 10 min and washed with PBS three times for 5 min each. Further samples were incubated with permeabilization buffer (0.1% Triton-X in PBS) for 10 min followed by washing with PBS thrice. Further samples were incubated with phalloidin reagent (Abcam-ab176756) (1mg/mL) for 1 h in a humidified dark chamber. Samples were counterstained with DAPI (Sigma-D9542) (1mg/mL) before fixating with mounting medium (DPX).
Real-time PCR. Real-time PCR was employed for studying the fold change of E-cadherin and b-catenin expression. NCBI human genome database was used for designing the primer sequences (Table 1) and acquired from Sigma-Aldrich, USA. Total RNA of the Vero cells cultured on each sample was isolated by TRIzol reagent (Ambion, CA, USA). The steps for total RNA isolation include incubation of cell with TRIzol reagent for 15 min at room temperature (RT), incubation with chloroform (20% v/v of TRIzol) for 3 min, followed by centrifugation at 12,000 g for 15 min at 4 C. Finally, the cell pellet was resuspended in RNase-free water and incubated at 60 C for 10 min, to measure the RNA concentration of each sample and stored at À80 C until further study. Verso cDNA synthesis kit was employed to synthesize the RNA isolated to cDNA by following the manufacturer's instructions. The expression of b-catenin and E-cadherin was studied by quantitative real-time PCR. For this study, Power-Up SYBR Green master mix (Thermo Scientific, Lithuania, EU) and the primer set (Table 1) were used. The machine employed in this study is Step-One Plus real-time PCR machine (Applied Biosystems, NY, USA). b-actin was kept as the housekeeping gene. All the experiments were performed in triplicate.
Immuno-fluorescence (IF) assay. IF study was carried out for visualization of E-cadherin and PARD3 expressions on epithelial cells cultured on the material surface. After three days of culture, samples along with the cells were fixed by 4% paraformaldehyde (PFA). After thorough washing with PBS, samples were incubated in blocking buffer (10% goat serum in PBST) for 30 min. Mouse mAb for E-cadherin (1:200; Novus, Cambridge, UK) and Rabbit mAb for PARD3 (1:100; Novus, Cambridge, UK) were used for IF assay. Samples with primary antibodies were incubated at 4 C overnight. Secondary antibodies used here are Alexa Fluor 488 conjugated goat anti-mouse Ab (1:500; Oregon, USA) and goat anti-rabbit Ab-TR (1:200; Santa Cruz Technology, Shanghai). DAPI (Sigma Aldrich, Saint Louis, MO, USA) was used for counterstaining.
Images were acquired through Nikon inverted microscope (Nikon eclipse Tί, Japan) under 20Â Table 1 . Sequence of primers for E cadherin, b-actin and b-catenin gene.
Oligo name
Sequence ( Statistical analysis. The statistical significance analysis was carried out by one-way ANOVA and student t-test using SPSS-16.0 software (SPSS Inc.@2010).
The significance level was set at p < 0.01 and p < 0.05.
Results
Phase assemblage and Electrical conductivity property
The detailed results of phase stability of different Sr/Fe co-doped BCP powders can be found in our previous work. 32 In summary, the ratio of the weight percent of b-TCP to that of HA increases gradually with an increment in dopant amount and reaches its maximum value of 7.91 in 20Sr20FeBCP (see Figure S1 , Supplementary section). As for the electrical properties, a sharp decreasing trend of dielectric constant with frequency (see Figure 2 (a)) was recorded for different Sr/Fe codoped BCPs. At very low frequency (up to 100 Hz), dielectric constant increases with the increment of dopant concentration. The dielectric constant of 40% co-doped sample (20Sr20FeBCP) remains the highest. Like dielectric constant, dielectric loss tangent also decays sharply with frequency ( Figure 2(b) ). As for AC conductivity, it is found to be lowest in undoped BCP ($0.06 Â 10 À5 S/m at 1 MHz frequency; see Figure 2 (c)). Conductivity increases with the increment of dopant content and is almost identical for 1Sr1FeBCP and 5Sr5FeBCP ($0.60 Â 10 À5 S/m at 1 MHz frequency). On the other hand, AC conductivity is recorded to be similar in case of 10Sr10FeBCP and 15Sr15FeBCP ($1.2 Â 10 À5 S/m at 1 MHz) and it is found to be highest in 20Sr20FeBCP ($3.2 Â 10 À5 S/ m at 1MHz). The rate of the increment of conductivity with the frequency is noticed to be highest in 20Sr20FeBCP; while for other samples, the rate of increment is low (Figure 2(c) ). An important conclusion from our study is that the conductivity systematically increases with (Fe/Sr) co-doping.
Cytocompatibility assessment
Cell viability and live dead assay. The result of cellular viability of the Vero cells attached on different Sr/Fe codoped samples is shown in Figure 3 . The numbers of viable cells were markedly increased in 10Sr10FeBCP, 15Sr15FeBCP and 20Sr20FeBCP samples in comparison to the control group. Statistical study indicated that the percentage of cell viability was significantly higher on all co-doped samples with respect to the undoped sample. On day 3, 1Sr1FeBCP sample showed relatively less (1%) viability in comparison to the undoped sample. However, the change is statistically insignificant. Further, with increased doping concentration, cellular viability also found to be enhanced. Both 5Sr5FeBCP and 10Sr10FeBCP co-doped sample showed increasing trends in cell viability (7% and 67% respectively) w.r.t the undoped BCP sample. Similarly, 66% and 49% increase in cell viability was noted for 15Sr15FeBCP and 20Sr20FeBCP samples, respectively, in comparison to the undoped samples. From MTT assay, it is clear that cell viability increases with the increment of dopant concentration and decreases insignificantly at higher (40%) doping concentration compared to undoped BCP. Based on the result, it can be opined that Fe or Sr-doping does not affect the viability of vero cells. Figure 4 shows representative images of the livedead assay of the vero cells on the Sr-Fe co-doped samples. In harmony with the MTT assay result, the live-dead data shows a significant (p < 0.001) numbers of live cells on 10Sr10FeBCP, 15Sr15FeBCP and 20Sr20FeBCP after 72 h of culture.
Expression of actin filaments. Figure 5 shows the expression of F-actin on vero cells cultured on doped materials. The rhodamine-phalloidine expression is the signature of the interaction of vero cells with the biomaterial substrate. The expression of actin filaments was significantly higher in10Sr10FeBCP and 20Sr20FeBCP with respect to undoped BCP. However, in 15Sr15FeBCP, the expression of actin was insignificantly decreased in comparison to 10Sr10FeBCP and 20Sr20FeBCP. No significant difference in intensity of Rhodamine expression between undoped BCP and 1Sr1FeBCP could be revealed.
Quantitative real-time PCR and immunofluorescence analysis. Relative mRNA levels of both E-cadherin and b-catenin genes in all study groups were measured and normalized in reference to those of b-actin gene. Figure 6 shows that, the relative mRNA levels of E-cadherin and b-catenin varied among samples. The fold change of each study groups was calculated with respect to the control group. Fold change of E-cadherin was significantly (p < 0.001) increased in 5Sr5FeBCP, 10Sr10FeBCP and 20Sr20FeBCP in comparison to the undoped BCP ( Figure 6 ). However, in 15Sr15FeBCP, E-cadherin fold change was decreased in comparison to 10Sr10FeBCP and 20Sr20FeBCP. The fold change for b-catenin showed almost similar trends amongst all the study groups. However, in 1Sr1FeBCP, b-catenin fold change was significant (p < 0.05) than the undoped sample. Fold change of the target genes is summarized in Table 2 . Figures 7 and 8 show the expression of E-cadherin and PARD3 molecules on epithelial cells after three days of culture in each group. PARD3 (also known as PAR3) falls under the G-protein coupled receptor group implicated in formation of epithelial cell junctions and cellular polarity. 50 The expression and function of PARD3 is reliant on the ionic (Ca 2þ ) concentration accessible in the cellular microenvironment. 51 Expressions of E-cadherin in 5Se5FeBCP to 20Sr20FeBCP was significantly higher in comparison to undoped BCP. In 10Sr10FeBCP, the expression of E-cadherin was the highest. In corroboration with PCR result, IF study also showed higher expression of E-cadherin in 10Sr10FeBCP. Further, the expression PARD3 molecule was increased in 10Sr10FeBCP and15Sr15FeBCP in comparison to undoped BCP. However, no significant difference in PARD3 expression was found in 20Sr20FeBCP compared to undoped BCP.
Discussion
Elastic stiffness, electrical conductivity, surface wettability, phase assemblage of substrate, biodegradation/ release of ions or compounds, etc. of a material surface are several of the properties which are crucial for cellular viability. 3, 52, 53 Among them, effects of in vitro ion dissolution and phase stability on vero cell viability will be described in the present section. A detailed discussion of the aforementioned properties of different Sr/Fe co-doped BCPs can be found in our previous study. 32 Graphical representations of ion dissolution ( Figure 1 ) and phase assemblage behavior ( Figure S1 in supplementary section) for a number of co-doped samples are provided here for the sake of the present discussion. In addition, substrate conductivity also plays an important role in cell-cell interaction and cell adhesion. 54, 55 In the present section, a correlation between Vero cell functionality with the electrical property of ceramic samples together with gene expression analysis will also be drawn.
Phase stability and electrical properties of Sr/Fe co-doped BCPs
As discussed somewhere else in detail, 32 a systematic change in the HA:b-TCP phase content ratio with the increment of dopant content was recorded. The change in HA:b-TCP phase content ratio can be explained in terms of opposing effect of Sr 2þ and Fe 3þ ions on the stability of HA phase. While Sr 2þ helps to stabilize the HA phase, 56 the insertion of Fe 3þ ions inside HA crystal structure destabilizes it. 20 As charge neutrality maintenance is an essential criteria for any bulk material, excess ions also insert along with Fe 3þ ions inside HA crystal lattice, leading to the formation of oxyhydroxyapatite. 57 Hence, destabilizing effect of Fe become more prominent with the increase of Fe content. This fact is reflected in the plot of HA:b-TCP phase content, where a sharp increase can be immediately seen at higher dopant content (see Figure S1 , Supplementary material).
Major contribution towards the dielectric nature of Sr/Fe co-doped BCPs comes from the HA phase. Hydroxyapatite crystal contains different ions like Ca 2þ , PO 4 3À , OH À etc. Among these ions, the hydroxyl groups are arranged along 'c' axis of the crystal and form the ion channel. These OH À ions play main role in the dielectric behavior and ionic conductivity of HA along with a small electronic contribution. [58] [59] [60] [61] Response of OH À ions is less due to their large mass and low mobility while interacting with AC field. 60 As frequency increases, ionic displacement begins to lag behind field reversal, contributing less to dielectric constant. With further increment, ionic polarization ceases due to inhibition of polarization mechanism with the frequency of the external field. 60 This leads to a decay in dielectric constant and a loss with the increment of the frequency of applied AC field. 62 With Fe 3þ doping, the crystal chemistry of hydroxyapatite changes. It has been proposed that, at low Fe concentration ($2 mol %), carbonate displaces hydroxyl in the apatite channels (Ca 2þ þ OH À !Fe 3þ þ CO 3 2À ), and at higher concentration, interstitial oxygen ions enter the crystal (2Ca 2þ þ h vac !2Fe 3þ þ O 2À ). 57 In the present case, the dopant content is quite high (!5 mol%) for most of the samples, and probably the second mechanism took place during Fe incorporation inside HA crystal. The migration of the O 2À ions along the OH À channels contributes to the ionic conductivity of co-doped BCPs. 63 With the increment of dopant content, the amount of excess O 2À ions also increases and that results in the increment in AC conductivity. Apart from the dopant content, several other factors like grain size, grain boundary distribution, porosity, phase composition, etc. also effect the electrical property of sintered samples. 64 For example, the effect of porosity on the dielectric constant of hydroxyapatite at a fixed frequency can be described using exponential law and dielectric constant was found to decrease with the increase of porosity. 65 In another study, an increment of dielectric constant with the increment of grain size was recorded. 66 The dependency of dielectric constant on grain boundary originates from a grain boundary potential barrier, which is related to the activation energy of the grain boundary. 67 Phase composition is another important factor which controls the electrical property of a sintered sample as some of the constituent phases may not contribute to the AC conductivity. For example, in case of BCP, b-TCP phase does not contribute to the polarization because of the absence of OH À group in its crystal structure. 63 However, in-depth future study is required to explore the effects of those factors on the electrical properties of Sr/Fe co-doped BCP.
In vitro ion dissolution, phase assemblage and Vero cell functionality
Calcium, strontium, iron ions play a vital role in epithelial cell growth. 68 The effect of Ca 2þ ions on differentiation and maturation of epithelial cells is well established. 69 Cellular uptake of calcium ions usually is not influenced by the concentration of other ions up to a certain level. For example, Fe 3þ concentration does not have any effect on Ca 2þ absorption up to a certain level but at 20:1 ratio of iron: calcium, iron affects the absorption level of calcium. 68 The dose-dependent modulatory effect of calcium ions on in vitro culture of epithelial cells was investigated and Ca 2þ ions above 0.1 mM was found to promote squamous differentiation of keratinocytes. 68 However, it has been observed that certain cell lines, especially the primary bronchial epithelial cells, exhibit sensitivity to calcium phosphate precipitation. According to Henning et al., 69 calcium can regulate cell behavior through the calmodulincalcium regulatory complex. Also, it can influence the transport of other ions, 70 thereby having an indirect effect on cell behavior regulation. E-cadherin expression is particularly important for maintaining cell-cell interaction for epithelial cell types. Interestingly, the effect of Ca 2þ ions on the expression of E-cadherin is well established. 71 The dynamics of E-cadherin-b-catenin adhesion complex reflects intercellular adhesiveness. E-cadherin-b-catenin complex influences the activation of Wnt signaling pathway which is crucial to control cell fate decisions. In the absence of Wnt signaling, the expression of b-catenin is low, whereas the expression of E-cadherin is high. Wnt signaling pathway consists of Wnt/b-catenin canonical pathway and Wnt/Ca 2þ signaling pathway. The b-catenin pathway is upregulated in many cancer types, whereas in most of the cases the Wnt/ Ca 2þ pathway becomes downregulated during cancer prognosis. In an interesting study, MacLeod et al. demonstrated the degradation of the active b-catenin protein of colon cancer cell lines while exposing to extracellular Ca 2þ through activation of Wnt5a/Ror2 signaling pathway. 72 An aberrant activation of Wnt/ b-catenin pathway promotes metastasis. During development of numerous types of cancers, the proteins of Wnt pathway is excessively expressed. 73, 74 Ca 2þ forms ionic gradient across cells and acts as the second messenger. The cell adhesion molecule like E-cadherin depends on Ca 2þ to stabilize the extracellular domains which facilitate trans-junctional hemophilic interactions. The affinity of E-cadherin-Ca 2þ ions ranging from millimolar to micromolar range, suggests that the process of cellular adhesion in response to extracellular calcium is dynamic in nature. It is now well accepted that the release of Ca 2þ promotes the expression of E-cadherin, which facilitates cell-cell contact development and restructuring of cellular junctions. In the current study, the release of calcium ions is increased significantly (0.08 -0.1 mM at 72 h) in highly doped samples (5Sr5FeBCP to 20Sr20FeBCP) after 72 h in culture media (Figure 1 ). In corroboration with this result, both PCR and IF study exhibits increased expression of E-cadherin after 72 h of culture on Sr/Fe co-doped BCPs (Figures 6 and 7) .
The effect of strontium ions (similar size like Ca 2þ ) on epithelial cells is thought to be similar to calcium ions. In another study, it has been reported that the divalent strontium is effective for the formation of the DNA-phosphate precipitate, leading to enhanced keratinocyte growth. 75 The study has quantified that the concentration of ions between 1.0 and 2.0 mM improves the cellular viability and cell numbers. Like calcium, the release of strontium also increases on the third day in highly doped (10Se10FeBCP to 20Sr20FeBCP) samples. Although it remains below the above-mentioned range (0.009-0.196 mg/L at 72 h), we believe that Sr 2þ release together with calcium helps in proliferation and functionality of epithelial cells.
Iron is an essential mineral required for cellular proliferation, as several of the key proteins containing iron catalyze reactions which are essential for proliferation. One such example is the DNA synthesis through the enzyme ribonucleotide reductase which converts ribonucleotides into deoxyribonucleotides. 76 Although the excess amount of iron can induce ROS formation in cells, 77 overloads of iron ions are reported to speed up epithelial cell proliferation in endometriotic lesions. 76 Based on the available literature it is evident that iron plays a critical role in Wnt signaling and chelation of iron is an effective mechanism for inhibiting this signaling pathway. 45 Hence, iron has been shown to control Wnt pathway via (1) augmenting Wnt signaling with aberrant APC (adenomatous polyposis coli) or b-catenin, and (2) downregulating E-cadherin that maintains cellular polarization in an APCindependent manner in differentiated epithelia. 78 The iron concentration has an opposing effect on the E-cadherin activity. In several types of cancer, an iron-dependent regulation of E-cadherin is seen, which operates as a transcriptional regulatory mechanism. A high amount of iron is closely associated with tumorigenesis. 42, 43, 79 Also, iron is an essential nutrient for proliferating cells. The diminutive concentration of iron release from the co-doped samples does not affect cell viability and cellular adhesion via cadherin molecules (Figure 1(d) ). The role of iron deficiency or excess concentration in tumorigenesis and cancer progression has been mentioned in several reports. 78, [80] [81] [82] But the minimum required value of human dietary iron 83 (8-18mg/day for the age group 18-50 years) is noticeably higher than the iron released from the codoped samples, which is in the ppb level (Figure 1(d) ). 79 In present study, the expression b-catenin is not significantly altered in any of the study groups ( Figure 6 ). This indicates that, the co-doping does not alter tumorigenicity of BCPs i.e. the samples are unlikely to induce uncontrolled cell proliferation. In the absence of Wnt ligand, b-catenin maintains a low expression level both in the cytoplasm as well as in nucleus. Our results, therefore, provide a rationale to explore co-doped samples for future anti-cancer applications. 84 As stated in the preceding section, substrate composition also plays a decisive role in Vero cell activity. This point can be further validated by corroborating between Figure S1 and Figure 3 . Incommensurate with an initial increase in (TCP/HA) ratio, cell viability percentage does not increase in any significant manner. However, cell viability percentage exhibits a significant increase in 10Sr10FeBCP, 15Sr15FeBCP and 20Sr20FeBCP samples. The cell adhesion and subsequent proliferation on a biomaterial substrate involve cell-to-cell interactions. Attachment of epithelial cells on the material surface along with their rapid proliferation strongly indicates that co-doped samples will allow fast epithelization. This would be particularly advantageous for dental implantation as fast epithelization prevents bacterial colonization and infectionrelated implant failures. Cytocompatibility of codoped samples also indicates their suitability for promoting soft tissue wound healing around the implant interface.
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Vero cell polarity maintenance on Sr/Fe co-doped BCP Most epithelial cells receive information about their surroundings via extracellular biochemical and mechanical cues. These cells also have the unique ability to translate the acquired information into the polarity of the plasma membrane. Therefore, mechanobiology plays an essential regulatory role in both the establishment and maintenance of cell polarity. The mammalian cell interactions with surfaces of scaffolds for biomedical applications are interesting for many reasons. When processes like wound healing and cell migration are studied in-vitro, the point of focus is on the stationary and dynamic relationship of cells cultured on particular scaffolds. Proteins associated with maintaining cellular polarity when immobilized on waves throughout the entire cell. The specificity of this release sites in the cell indicates the organized domains of proteins involved in calcium signaling. Some of these proteins like SERCA pump Ca 2þ into the endoplasmic reticulum (ER), where it is stored and bound to host proteins to prevent the excess of cellular free Ca 2þ , and releases Ca 2þ under instruction from the specific cellular signal. InsP 3 R (the inositol 1,4,5-trisphosphate receptor) is the most commonly present intracellular Ca 2þ channel in a cell, which responds to agonist stimulation by releasing Ca 2þ ions. 89 The role of InsP 3 R localization in polarized epithelial cells is a well-reported fact, which correlates the gradient of Ca 2þ distribution as an important factor for the regulation of cellular polarity. Colsetti et al. 50 established that increase in Ca 2þ concentration regulates the distribution of polarity state along with establishment and maintenance of cell polarity via studying the distribution of InsP 3 R in an epithelial cell model. Endothelial vasodilator activity associated with Ca 2þ signaling has been widely studied using thrombin. 41, 90 We have studied the effect of calcium on cellular polarity using PARD3 expression changes.
IF expressions (Figure 8 ) of PARD3 show significantly higher expression of polarity molecules on vero cells cultured on 10Sr10FeBCP and 15Sr15FeBCP in comparison to undoped samples. However, the expression of PARD3 is reduced in 5Sr5FeBCP, when compared to control. The release of calcium ion from the co-doped samples can be corroborated with the expression of PARD3 molecules (Figures 1(a) and 8) . The amount of released Ca 2þ increases significantly in highly-doped BCPs. The expression of PARD3 also increases in harmony with the increment in Ca 2þ ion release. The observed maxima of PARD3 expression appears probably because of the influences of the other dissolved ions (Sr 2þ , Fe 3þ ). Further in-depth study is required to substantiate this point.
Defective PARD3 expression can be attributed to tumorigenicity and an induction of epithelial to mesenchymal transition, an important hallmark for metastasis. 91 Based on the IF result for PARD3 expression, it may be opined that the co-doped samples retain the expression of PARD3 in comparison to undoped samples. Additionally, higher PARD3 expression for incubated cells on 10Sr10FeBCP and 15Sr15FeBCP corroborate well with an improved functionality of vero cells.
Electrical conductivity dependent Vero cell functionality
Another important factor that influences cellular viability is the electrical conductivity of the substrate.
Several investigations have demonstrated the effect of cell-stimulating interfaces and electrical potential on cellular behavior. 92, 93 In a study, enhanced cellular viability was observed by using conducting hydrogel scaffolds composing polycaprolactone (PCL), polylactide and aniline oligomers. 94 This study indicated the potential of conducting polymers in repair and regeneration of tissues, such as bone, muscle and neural, having sensitivity to electrical field. Another in vitro study reported the effect of scaffolds composed of conducting polymers like, polylactic acid (PLA) and polyaniline (PANI) on improved apatite forming ability during biomimetic immersion. 95 In another work, it has been shown that, poly-e-caprolactone (PCL)-based carbon nanofiber (CNF) scaffold can improve the mechanical and electrical property, which in turn shows the synergistic effect on functionality of human primary meniscus cells. 96 Although Vero cells are not as electroactive as neural or muscle cells, it has been reported that Vero cells prefer electroactive surface to adhere and maintain their apico-basal polarity. 97 Electroactive surface helps in ion exchange with the cells through cell membrane and helps in cell-cell and cell-surface interaction. 55 In this report, we found that the co-doped samples are dielectric in nature and the dielectric constant increases with dopant concentration (Figure 2 ). Cellular viability, adhesion and proliferation increase with dopant amount in co-doped BCPs compared to undoped BCP ( Figures 3, 4(g) and 5(g) ). An increased expression of adhesion molecule, E-cadherin on co-doped samples indicates that the substrate conductivity facilitates cellular adhesion and proliferation ( Figures 6 and 7(g) ).
The expression of cellular polarity complex PARD3 in different co-doped sample indicates that the conducting surface of the samples helps in forming the cell-cell adherence junctions, while maintaining the cellular polarity (Figure 8.) . Based on the results, it can be concluded that Fe/Sr co-doped samples exhibit improved cytocompatibility and cell-cell/cell-material interactions in the dopant amount-dependent manner. Amongst the co-doped samples, 10Sr10FeBCP shows better functionality of vero cells and hence can be successfully utilized for biomedical applications. 55, 93 At the closure, the influence of in vitro ion dissolution and substrate conductivity on vero cell viability is depicted in Figure 9 . The resultant effect of different dissolved ions clearly helps in vero cell proliferation. Apart from that, the conductivity of the co-doped BCPs also plays a pivotal role in maintaining the cell polarity and cell-cell interaction. In our previous study, 32 5Sr5FeBCP was found to be the most suitable candidate for osteoblast cell growth. Here also, 5Sr5FeBCP is found to support better vero cell proliferation and functionality (Figure 3) . Hence, these materials, particularly5Sr5FeBCP and 10Sr10FeBCP, can serve as a potential candidate to be used for dental implant coating. Apart from that, as the particle size of synthesized BCPs range from few tens of nm to few hundreds of nm, 32 these materials can also be used in biomimetic approach for dental remineralization.
Conclusions
Following are the conclusions of the present study.
a. The investigated BCPs are dielectric in nature and dielectric constant increases with the increment of dopant amount at low frequency. Also, conductivity increases systematically with dopant content. b. Co-doped samples do not show any cytotoxic effect on epithelial cells. From the higher expression of E-cadherin in highly doped samples compared to undoped sample, the better cellular interaction can be concluded. Moreover, higher cadherin expression indicates faster epithelial sealing of implants at soft tissue interface and consequently may reduce periimplantitis. c. Although reported for electroactive polymers, the present study, for the first time, establishes the substrate conductivity modulated vero cell functionality on electroconductive bioceramics. d. The reduced expression of b-catenin in the co-doped BCPs indicates non-tumorigenic potential. The enhanced expression of E-cadherin and PARD3on 20 mol% (10Sr10FeBCP) and 30 mol% (15Sr15FeBCP) co-doped BCPs can be attributed to higher electrical conductivity and Ca 2þ releasefrom co-doped samples.
Summarizing, the present work provides guidelines to develop next generation bioceramics with tunable electrical conductivity, and with the ability to guide in vitro epithelial cell functionality.
Besides that, the present study also provides a platform to explore the mechanical properties of synthesized co-doped BCPs in order to substantiate their efficacy as dental implant material.
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